Despite the fact that midday naps are characteristic of early childhood, very little is understood about the structure and function of these sleep bouts. Given that sleep benefits memory in young adults, it is possible that naps serve a similar function for young children. However, children transition from biphasic to monophasic sleep patterns in early childhood, eliminating the nap from their daily sleep schedule. As such, naps may contain mostly light sleep stages and serve little function for learning and memory during this transitional age. Lacking scientific understanding of the function of naps in early childhood, policy makers may eliminate preschool classroom nap opportunities due to increasing curriculum demands. Here we show evidence that classroom naps support learning in preschool children by enhancing memories acquired earlier in the day compared with equivalent intervals spent awake. This nap benefit is greatest for children who nap habitually, regardless of age. Performance losses when nap-deprived are not recovered during subsequent overnight sleep. Physiological recordings of naps support a role of sleep spindles in memory performance. These results suggest that distributed sleep is critical in early learning; when short-term memory stores are limited, memory consolidation must take place frequently.
development | education P reschool education provides lifelong benefits to physical and mental health (1) (2) (3) (4) (5) . These benefits justify state-funded preschool education in states like Oklahoma and Georgia and the petition of President Barack Obama for federal funds to support preschool education for all children (www.whitehouse.gov/the-press-office/ 2013/01/21/inaugural-address-president-barack-obama). Recent research has focused on interventions to further enhance the outcomes from preschool education. For instance, studies of emotional training (4) , nutrition education (6, 7) , and dental hygiene (8) in preschools have led to enhanced curriculumbased learning in early education. However, with increased curriculum demands and taxpayer pressure, classroom nap opportunities are becoming devalued.
Recent studies in young adults have demonstrated sleepdependent enhancements in learning. Such enhancements are thought to reflect sleep-dependent consolidation, a process by which memory storage and retrieval become more efficient (9) . However, the characteristics of sleep patterns and the architecture of sleep vary dramatically throughout development. Between 3 and 5 y of age, total sleep time and time in "deep" sleep stages, slow-wave sleep (SWS) and rapid eye movement sleep (REM), decline significantly (10, 11) . Moreover, in early childhood, sleep bouts are distributed across the day. Polyphasic from birth, daytime sleep bouts are reduced to a single nap early in the preschool years. Children reach the adult-like, monophasic pattern around 5 y of age, a shift primarily associated with maturational changes but also influenced by scheduling pressures (12) .
Parallel to this period of abundant SWS-rich sleep and daytime napping, early childhood is typified by the dramatic increase in the acquisition of new information as a result of increased neuronal plasticity (13, 14) . The maturation of the parietal and temporal cortices and a peak in experience-dependent synapse formation in the prefrontal cortex occur around the preschool age (15) . Lam et al. (16) suggest that the elimination of the midday nap may be a marker of this brain maturation. Specifically, they found a negative correlation between the number of times a preschool child napped during a week and performance on a battery of cognitive assessments.
However, whether individual sleep bouts contribute to recent memories in early childhood is unknown. Counter to what is observed in young adults, performance on a procedural memory task was not improved by overnight sleep in young (6-8 y; ref. 17) or older children (7-13 y; refs. 18 and 19). Wilhelm et al. (20) suggest that the absence of procedural memory consolidation in children may be due to insufficient initial encoding; children with extended training did exhibit sleep-dependent improvements in motor skill.
Nap-dependent consolidation of declarative memories in children has not been examined. Naps are sufficient for declarative memory consolidation in young adults (21) . Moreover, declarative memories have been shown to benefit from nocturnal sleep in children 6-13 y of age (17, 19, 22) . Thus, naps may function to consolidate declarative memories throughout early life. However, given the transitional nature of naps during early childhood and the lack of physiological studies of naps in healthy preschool-age children, it is possible that naps do not contain the critical non-REM sleep (23) and sleep spindles (24) necessary for sleep-dependent consolidation of declarative memories.
To investigate whether in-class naps benefit declarative learning in preschool children, we measured changes in performance on a visuospatial task over a nap and an equivalent interval of wake. A visuospatial task was selected for three reasons. First, this task, like other declarative learning tasks, has been shown to engage the hippocampus (25) . Hippocampal-dependent tasks are subject to neural replay during sleep, a possible mechanism underlying sleep-dependent consolidation (26) . Second, visuospatial learning has been shown to benefit from overnight sleep in young adults (23) . Third, the task, like the game Memory, is appealing to preschool children.
Children learned the task in the morning, and an immediate recall phase provided an initial measure of performance (Fig. 1) .
Significance
Lacking scientific understanding of the function of naps in early childhood, policy makers may curtail preschool classroom nap opportunities due to increasing curriculum demands. Here we show evidence that classroom naps support learning in preschool children by enhancing memories acquired earlier in the day as compared with equivalent intervals spent awake.
During the regularly scheduled nap opportunity in the early afternoon, children were either wake-or nap-promoted (within subjects; order counterbalanced), and delayed recall was subsequently tested. To examine the long-term benefit of having napped, recall was tested once more the following day (24-h recall). Additionally, we recorded polysomnography during a laboratory-based nap in a separate group of children to examine relevant nap physiology. We hypothesized that the preschool nap is sufficient for consolidation of newly learned information and that sleep-dependent changes in memory would be associated with specific physiological aspects of sleep. Children performed similarly at baseline (immediate recall) in both conditions [t(39) = 0.351, P = 0.728]. However, delayed recall was significantly greater following the nap than after equivalent time awake [t(38) = 2.837, P = 0.007; Fig. 2 ]. As a further control for potential differences in baseline performance, a difference score, or the change in accuracy across the nap/wake period (delayed minus immediate recall), was calculated. Here too we see that significantly more items were forgotten following wake than following the nap [t(38) = 2.457, P = 0.019], showing a clear nap benefit on memory retention.
Results

Forty
Optimal performance following the nap is unlikely to be associated with reduced fatigue or enhanced attention relative to the wake condition for two reasons. First, child-rated sleepiness did not differ for the nap and wake conditions [t(15) = 0.719, P = 0.48], and experimenter-rated sleepiness of the child was actually greater following the nap compared with wake [t(18) = 4.87, P < 0.001]. More significantly, performance in the nap condition remained superior when recall was again probed the following morning, after nighttime recovery sleep for the wake condition [t(22) = 2.824, P = 0.01; Fig. 2 ]. This latter result also suggests the long-term benefits of the nap on memory consolidation.
Greater change in accuracy across the nap trended toward a positive correlation with nap duration (r = 0.304, P = 0.058) but was not predicted by age (r = −0.037, P = 0.84). To avoid ceiling performance, a 9-item grid was used for children <44 mo old; a 12-item grid was used for older children. To assess whether the number of items encoded (9 vs. 12) influenced the change in performance over the nap, we conducted an ANOVA with condition (nap vs. wake) as a within-subjects measure and items (9 vs. 12) as a between-subjects factor. Condition remained significant [F(1, 36) = 6.256, P = 0.017], whereas the main effect of items [F(1, 36) = 0.034, P = 0.854] and the interaction of condition × items [F(1, 36) = 0.506, P = 0.481] were not significant.
Nap habituality was also examined with respect to the nap benefit. This measure was derived from caregiver reports of nap frequency. We defined habitually napping children (n = 17) as children who napped 5 d or more per week on average, and nonhabitually napping children (n = 10) were defined as children who napped fewer than 2 d/wk. The benefit of the nap relative to wake was greatest for children who napped habitually [t(16) = 2.561, P = 0.021]. Performance of nonhabitually napping children did not benefit from an intervening nap [t(9) = 0.347, P = 0.736]. Such effects cannot be attributed to differences in immediate recall, which did not differ for habitually (M = 73.5, SD = 13.19) and nonhabitually [M = 72.9, SD = 12.97; F(1,25) = 0.012, P = 0.913] napping children. As seen in Fig. 3 , habitually napping children tended to have greater memory decay over wake than the nonhabitually napping children, whereas changes during the nap intervals were similar.
From these results, it may be argued that sleep plays merely a passive role, protecting memories from interference from waking activities (27) . This explanation seems unlikely given that in both conditions, 3 h of wake passed before the ∼1 h nap. Thus, decay would be expected in both conditions. Rather, in the time between immediate and delayed recall, there was no change in recall in the nap condition [t(38) = 0.351, P = 0.727]. As such, we posit that the nap may restore the memory following waking interference, as recently suggested (28) . To examine whether memories were consolidated over the nap, we recruited a group of 14 additional children (eight females; M = 49.83 mo, SD = 10.17, and range = 33-66 mo) who completed the nap condition (A) Preschool children learned the spatial locations of 9 or 12 items on a grid. Following a brief preview, one item was presented on the right side of the screen, and children were asked to locate the item by pointing to its position. During the encoding phase, feedback was provided. This phase continued until performance reached 75% accuracy. (B) Immediately following the encoding phase, immediate recall was tested. Children again responded as to the location of each item, but feedback was not provided. During the afternoon nap opportunity, children were either nap-or wakepromoted, and delayed recall was tested shortly afterward. Recall was tested once again the following morning ("24-hour Recall").
Fig. 2.
Recall accuracy was tested immediately following encoding ("Immediate"), following the nap opportunity ("Delayed"), and again the following day ("24-hour") across two conditions: a nap-promoted condition (gray bars) and wake-promoted condition (white bars). Error bars represent ±1 SE.
in the sleep laboratory, with polysomnography recorded during the nap.
Mean length of the laboratory-recorded nap was similar to that of the classroom naps (M = 73.83 min, SD = 19.92). Naps contained little (n = 4; 1-10 min) to no (n = 10) REM sleep. Rather, naps were largely composed of non-REM stage 2 and SWS (i.e., non-REM stage 3; Table 1 ). There was a significant negative correlation between sleep spindle density and immediate (baseline) recall performance (r = −0.665, P = 0.010; Fig.  4A ), consistent with recent reports that spindle activity has a negative association with IQ (29) and specific aspects of cognitive performance (30) in children. Sleep spindle density was also positively correlated with the change in memory performance across the nap period (r = 0.647, P = 0.012), such that a greater magnitude of sleep benefit was associated with greater density of sleep spindles during the nap. Given a significant correlation between immediate recall and the change in memory over the nap (r = −0.707, P = 0.005), to further disentangle the spindle-related baseline difference in immediate recall, we examined an adjusted measure of the change in performance over the nap. Specifically, the adjusted change in recall provides a measure of the change in memory from immediate to delayed recall as a percent of immediate recall [(delayed − immediate)/ immediate]. Here, too, we found a significant correlation between the adjusted change in recall over the nap and spindle density (r = 0.693, P = 0.006; Fig. 4B ). This relationship cannot be attributed to potential age-related differences in sleep physiology because the relationship between spindle density and age was not significant (r = −0.077, P = 0.792). However, it should be noted that the adjusted change also correlated with immediate recall (r = −0.740, P = 0.002), suggesting that these may not be completely disentangled. Other correlations between sleepdependent performance changes and physiological measures of
Given that enrollment criteria for the laboratory-based study required that the child be likely to nap in the laboratory, many (n = 7) were habitually napping (five to seven naps per week), and only one was classified as nonhabitually napping. Six napped often (three to four naps per week). Although this prohibited a comparison of nap physiology for habitually and nonhabitually napping children, we compared nap physiology and performance for habitually napping children (n = 7) with that of children who napped nonhabitually or often (n = 7). Groups did not differ in nap length, sleep onset latency, wake after sleep onset, or percent of the nap in stage 2 or 3 non-REM or REM (all P values > 0.24). Those that napped habitually had a lower percent of the nap spent in stage 1 non-REM sleep [t(12) = −3.096, P = 0.009] and lower sleep efficiency [time spent asleep divided by time in bed after sleep onset; t(12) = 3.377, P = 0.006]. However, this difference did not yield any performance difference across groups [change in accuracy across naps for habitually versus nonhabitually to often napping; t(12) = −0.095, P = 0.926].
Discussion
The present results illustrate a benefit of midday naps on learning in the preschool classroom. Following a nap, children recalled 10% more of the spatial locations than when they had been kept awake during the nap opportunity. This effect cannot be attributed to differences in alertness or inattention due to nap deprivation because the nap benefit remained the following day, after overnight sleep, which should equate these factors across the two conditions. Thus, the negative effects of nap deprivation on memory consolidation cannot be reversed with overnight sleep.
By examining the physiology of the intervening sleep interval, sleep-dependent changes in recall were specifically associated with sleep spindle density. Such an association would not be expected if the nap merely protected the memory from waking interference (31, 32) . Moreover, if the reduced interference during sleep only provided an enhanced opportunity for memory consolidation (as opposed to being a process unique to sleep), one would expect a correlation between the change in memory over the nap and time spent asleep, particularly SWS in which long-term potentiation may be inhibited (32, 33) . We did not find such an association, nor did the length of non-REM stage 2 correlate with sleep-dependent changes in memory. Rather, changes in performance over sleep were specifically associated with spindle density.
Although observed spindle frequencies (mean = 11.84 Hz) were in the range of slow spindles defined for adults (34), they were identified at central electrodes in non-REM stage 2 sleep, characteristic of fast spindles in adults. However, a clear justification for segmentation of fast versus slow spindles has not been Fig. 3 . Change in recall accuracy (delayed recall minus immediate recall) across the nap (gray bars) and wake (white bars) intervals for those who took five to seven naps per week ("Habitual") and those who took zero to two naps per week ("Non-habitual"). Error bars represent ±1 SE. identified for this age range. Nonetheless, slow and fast spindles have been associated with hippocampal reactivation and plasticity (34) (35) (36) (37) (38) , and studies in young adults have found an association between spindles and learning (24, 39, 40) . Likewise, we posit that in preschool children, spindles may mark hippocampal-neocortical interactions, a process underlying the stabilization and consolidation of the memory. Given the correlation between immediate recall and over-nap changes in performance, we cannot rule out the possibility that the association between spindles and sleep-dependent changes in performance reflects the association between sleep spindles and general cognitive abilities. In adults, sleep spindles are positively correlated with IQ (41), whereas in children, there is a negative association between spindle activity and IQ (29) and other cognitive measures (30) . Consistent with this literature, using immediate recall as a proxy for cognitive abilities, we found a negative correlation between spindle density and immediate recall. However, studies in young adults suggest that sleep spindles play both a trait-like and state-like role in memory and consolidation (42) . It is likely that the small sample size of the laboratory-based study prohibited a similar dissociation here.
Sleep conveyed the greatest benefit on learning for children who regularly nap. Likewise, young adults who habitually nap (defined as one or more nap per week) show performance improvements on a procedural learning task (a cup and ball game) following a 20-min nap, whereas those that do not nap habitually (two or fewer naps per month) have performance decrements following the nap (43) . Moreover, sleep-dependent improvements for these young adults were also associated with sleep spindle density but only for those who nap habitually. These authors suggest that higher power in the spindles and across other frequency bands (alpha and delta) for those that nap habitually may be indicative of more efficient naps. Likewise, in our study, it is possible that children who napped habitually had more efficient naps resulting in greater consolidation. Our laboratory-based sample was largely composed of habitually napping children, prohibiting comparison of sleep physiology for those who nap habitually and nonhabitually. However, given that over-nap changes were similar for the habitually and nonhabitually napping children (with differences instead in overwake performance; Fig. 3) , we posit that a more likely explanation is that memories are less susceptible to decay over wake for those children who no longer regularly nap. In other words, memories may still be physiologically processed when nonhabitually napping children sleep midday, but this boost has less impact given less decay of the memory over wake. Such an explanation is consistent with the suggestion that the transition from biphasic to monophasic sleep may coincide with brain maturation (16) . In the less mature brain, memories in shortterm (hippocampal) stores may be more susceptible to interference from additional encoding requiring more frequent consolidation. With brain maturation, the capacity for memories in short-term memory storage may be increased, thus decreasing the need for frequent consolidation.
Collectively, these data suggest that midday naps in the preschool classroom support the academic goals of early education. Although curriculum demands for preschool classrooms are increasing, the benefit of the sleep on learning warrants preservation of the nap opportunity. Moreover, techniques for enhancing preschool naps should be investigated. Currently, preschools largely lack guidelines around the structure of the nap, and nap promotion tools are underused and unstudied. Finally, it is worth considering whether naps may be a target for assisting children with learning delays. Protecting the nap opportunity for these children may be critical, and nap promotion may enhance learning from interventions aimed at improving cognitive abilities.
Methods
Seventy-seven preschool children (50 female; M = 46.8 mo, SD = 8.91, and range = 36-67 mo) were initially recruited from six preschool classrooms. Children were required to have normal or corrected-to-normal vision and no present or past diagnosis of disordered sleep. Children were excluded from analysis if they were unable to complete the nap (n = 10) or wake condition (n = 1) or failed to complete the task (n = 4). Additionally, although we attempted to avoid ceiling performance by adjusting the number of items encoded and training to criterion (described below), participants (n = 22) were removed from the analysis if they had ceiling performance (immediate recall = 100%). No participants had floor performance (all immediate recall > 22%).
In the morning (∼10:00 AM), children briefly previewed a matrix of squares each with a cartoon image of a common noun (e.g., umbrella, policeman, or cat). A 9-item grid was used for children <44 mo old; a 12-item grid was used for older children. After previewing the items for 30 s, the images were virtually "flipped over" (leaving a matrix of cards, each with an identical pattern; Fig. 1A ). Subsequently, an image appeared on the right of the screen, and the child was to point to the corresponding hidden image in the matrix. During this encoding phase, the image in the selected location would be revealed, providing the participant with feedback regarding their responses. After all items were presented once, if performance was not at criterion (7 of 9 items or 9 of 12 items), all items were presented again. This process was repeated until the performance criterion was reached. The average number of presentations to reach this criterion was 2.20 for the 9-item grid and 2.09 for the 12-item grid. Following encoding, memory for the spatial location of the images was probed in the immediate recall phase (Fig.  1B) . During immediate recall, children located each item once, and no feedback was given, thus providing an accurate measure of memory without additional learning opportunities. After immediate recall, children went about their regular classroom routine (outside time and lunch) until the regularly scheduled classroom nap opportunity, ∼1:00-3:00 PM. Enrolled children were either wake-or nappromoted (within subjects; order counterbalanced; conditions separated by 1-3 wk). In both conditions, the room was darkened and quiet, and children remained on their individual cots/mats as per the typical classroom naptime routine. In the wake condition, children were given quiet activities as needed to encourage wakefulness. In the nap condition, children were encouraged to nap with verbal encouragement and soothing per typical classroom techniques (e.g., back and foot rubbing). Experimenters recorded nap onset and wake time (and any midnap waking) for all enrolled children. After the nap opportunity, delayed recall, identical to immediate recall, was tested (Fig. 1B) . At delayed recall, experimenters and children also separately rated child sleepiness on a modified visual sleepiness scale (44) . The following morning, memory was probed in the 24-h recall phase. Due to absences or scheduling conflicts, only 23 children completed this probe for both conditions.
Caregivers completed the Child Sleep Habits Questionnaire (45) to assess the child's sleep habits and screen against sleep disorders. Habitually napping children (n = 17) were defined as children who napped 5 d or more per week on average, and nonhabitually napping children (n = 10) were defined as children who napped fewer than 2 d/wk. All procedures were approved by the University of Massachusetts, Amherst Institutional Review Board. As such, informed parental consent and child assent were obtained before testing commenced.
Polysomnography. To examine whether sleep-dependent changes in memory were associated with a specific sleep process, we recorded polysomnography during a laboratory-based nap in an additional group of children (n = 14; eight females; M = 49.83 mo, SD = 10.17, and range = 33-66 mo). Enrollment criteria, in addition to those described above, required that the child be likely to nap in the laboratory. Consistent with this, seven children were reported to nap habitually (five to seven naps per week), and six napped often (three to four naps per week). Only one child did not nap habitually (zero to two naps per week). Following the encoding and immediate recall phases (∼1:00 PM), an AURA PSG ambulatory system (Grass Products, Natus Technologies) with a montage including two electrooculogram, two chin electromyogram, and five cortical electroencephalogram leads (F3, F4, C3, and C4; referenced to Cz) was applied. Data were scored for sleep stages according to the revised American Academy of Sleep Medicine manual (46) . Sleep spindles were visually detected at C3 by a trained physiologist using TWin PSG Clinical Software (Grass Products, Natus Technologies), and spindle onsets and offsets were marked. Spindle onsets and offsets were subsequently verified by a second trained physiologist. Measurements of peak amplitude and peak frequency of the visually identified spindles were determined with an in-house MATLAB (r2009b) routine based on the method and definitions described by Wamsley et al. (47) . Specifically, EEG data were filtered from 0.5 to 35 Hz. The maximum voltage achieved between spindle onset and offset was considered the peak spindle amplitude. To measure the peak spindle frequency, the spindle frequencies were decomposed by applying a fast Fourier transform. The peak spindle frequency was defined as the spectral peak in the range from 9 to 15 Hz. Although the spindle frequency range is often defined to start between 10 and 12 Hz, we opt to start at 9 Hz, consistent with Mölle et al. (48) , given the lower alpha range for this age group compared with adults (49) and evidence that the sigma peak frequency is likewise lower for 2-5 y compared with 8-20 y (50).
Statistical Analyses. Two-tailed paired-samples t tests were used to determine differences in immediate, delayed, and 24-h recall accuracies and the difference score (delayed minus immediate recall) between the nap and wake conditions. Separate analyses were conducted for habitually and nonhabitually napping groups. To determine the association between the change in performance across the nap (difference score) and nap length, spindle density (number of spindles per minute of non-REM stage 2), and other physiological variables, Pearson correlation coefficients were used. The Sidak correction for multiple comparisons was used such that P values must be below α = 0.01 to be considered statistically significant.
